The enhancement of trapping and the optimization of beam quality are two key issues of Laser Wakefield Acceleration (LWFA). The effect of a homogenous constant magnetic field B 0 , parallel to the direction of propagation of the pump pulse, is studied in the blowout regime via 2Dx3Dv Particle-In-Cell simulations. Electrons are injected into the wake using a counter-propagating low amplitude laser. Transverse currents are generated at the rim of the bubble, which results in the amplification of the B 0 field at the rear of the bubble. Therefore the dynamics of the beam is modified, the main effect is the reduction of the transverse emittance when B 0 is raised. Depending on beam loading effects the low energy tail, observed in the non-magnetized case, can be suppressed when B 0 is applied, which provides a mono-energetic beam.
Introduction
In Laser Wake-Field Acceleration (LWFA) [1] [2] [3] [4] , a laser creates a plasma wave wakefield with a phase velocity close to the speed of light (c). The acceleration gradients in these wakefields can easily exceed 100 GeV/m, hence a cm-long plasma based accelerator can produceGeV-energy electron beams. An electron injected in such a wave gains energy from the longitudinal component of the electric field, as long as the pump pulse is not depleted and the dephasing length is not reached. These wakefields have ideal properties for accelerating electrons. The transverse focusing field increases linearly with the radial distance and the accelerating longitudinal field is independent of the radial coordinate [5, 6] . LWFA can be split into different options. The first corresponds to a plasma density e , a pulse length (cτ) matching half of a plasma period and a spot size (w 0 ) 19 10 cm n and plasma density e   according to the guidelines proposed by Lu et al. [11] to achieve a more controlled and stable blowout of the electrons, with no self-injection. In order to limit the computational requirements of our PIC (Particle-In-Cell) simulations the propagation of the pump pulse will not exceed 1 cm, moreover we restrict our study to 2Dx3Dv (two-dimensional space and three-dimensional velocity). We focus on wakefield acceleration in the presence of an external, initially homogenous, magnetic field and we study its influence through PIC simulations. In the first part of this paper, we will give the simulation setup and we will specify how the plasma is magnetized. Then, in the second part, the main findings induced by the magnetic field will be detailed. Attention will be paid to self-consistent amplification of the magnetic field at the rear of the bubble. The emittance of the accelerated beam will be compared with or without B 0 field. In the third part, the influence of the magnetic field on the energy distribution of the beam will be briefly commented. Lastly we will draw some conclusions. , where a 0 is the normalized vector potential of the laser. This is the idea of the bubble regime [7, 8] . For these conditions, a hundred-joule class laser would have an intensity of the order ~10
. In this regime, the electrons are continuously injected, this results in tremendous beam loading and the loaded wake is noisy. In this paper electron injection is achieved using the colliding pulse scheme [9, 10] , hence the bubble regime is not appropriate. We rather select moderate laser intensity
Simulation Setup
The effect of a strong external magnetic field has seldom been reported in the context of wakefield acceleration. Let us first summarize some recent papers. It was first proposed in the context of LWFA by Hur et al. [12] , with a single pump laser a 0 = 3.5 and an electronic density n e = 3 × 10 -3 n c , where n c is the critical density. This setup is
Copyright © 2012 SciRes. JMP 1992 prone to self-injection into the wakefield, therefore the quality of the accelerated beam is quite degraded [12] . Recently Vieira et al. [13] have considered magnetic fields oriented perpendicularly to a laser or particle beam driver. They showed that this magnetic field configuration can relax the self-trapping thresholds, leading to off axis self-injection with narrow transverse trapping crosssections.
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Our simulation setup is distinct from these two latter.
Here we aim at studying the influence of an external magnetic field, oriented along the laser propagation direction, in the blowout regime [11] with colliding pulse injection of the electrons [9] . Hence we chose a 0 = 4 and [14] . The required magnetic field necessary to curve electron trajectories is about a hundred teslas [12] , such values are particularly strong but still available from the current pulsed magnet technology [15] , the most advanced magnets can reach 90 T for tens of ms durations and centimeter size lengths [16] . The simulation setup consists in two 30 fs linearly polarized counter propagating waves with λ = 0.8 µm wavelength. They propagate along a constant homogeneous guide field B 0 in a cmlong plasma, the normalized value of B 0 is given by
. Their electric fields are in the sameplane (P linear polarizations). The pump pulse, whichcreates the accelerating wakefield, is focused to an 18 µm full width at half maximum. The low intensity pulse is focused to a 31 μm focal spot at a peak normalized vector potential a 1 = 0.1. Electrons will be considered trapped in the bubble when their Lorentz factor exceeds γ las , defined by
where v g is the group velocity of the laser. In the present case we get γ las ≈ 63. The group velocity is related to the plasma density via , where ω p and ω 0 respectively denote the plasma and laser frequencies. Let us now specify how the plasma is magnetized. As our simulations use the moving frame technique, consisting in a window sliding at the group velocity of the laser, we have to initialize fresh plasma, at each time step, on the receiving border of the simulation box. The value of the magnetic field is chosen static and uniform in the slice where the plasma is initialized. Note that the value of the magnetic field is the solution of Maxwell's equations anywhere else in the simulation box, which means that the physics of LWFA will modify the magnetic field.
A New Mechanism to Enhance the Beam Emittance
We have checked that no electron is trapped into the wake when there is no colliding pulse and 0  or . Let us first identify the differences brought by the addition of a magnetic guide field to the electronic distribution at the vicinity of the bubble boundaries (Figure 1) . At the frontier of the bubble, electrons are submitted to two forces. The pondermotive force due to the main pulse repels electrons and thus provides them longitudinal and transverse momenta. Meanwhile, electrons are submitted to the recall electric field induced by the bubble. The balance between these two forces will define the borders of the bubble. When no longitudinal magnetic field is applied electrons flee along straight line trajectories Figure 1 (a) around x = 5400 c/ω 0 . When a longitudinal magnetic field is added electrons start to revolve around the bubble as a result of the magnetic force. The gyro-radius of the electrons with p ⊥ ≠ 0 (where p ⊥ denotes the transverse momentum) is reduced when B 0 is raised. Therefore the corresponding flight path in the (x, y) plane is bent, the trajectory will be even more-curved when the applied field is stronger (Figures 1(b) and (c) ). 
Self-Consistent Amplification of the Magnetic Field
When electrons revolve around the bubble they create a current (denoted by J z ) perpendicularly to the plane of the figure, as evidenced by Figure 2 . We get a map of the transverse velocity v z when dividing J z by the electronic density n e , electrons revolving around the bottle neck of the bubble have velocities in the range 0.5 ≤ v z /c ≤ 0.8. This current will act as a small solenoid, and thus the longitudinal magnetic field will be amplified. The intensity of the magnetic field is almost doubledlocally (Figure 3 ) compared to the initial (t = 0) uniform map of B x . We shall underline that this pattern is stable as we obtain quasi identical maps of B x in this region of the bubble when the pump pulse has just entered the plasma around ω 0 t = 2280. Moreover we note that the geometry of the magnetic field lines is weakly altered by the electronic density modulations induced by the propagating bubble. Magnetic field lines stay almost parallel to the propagation direction.
A Way to Enhance the Beam Emittance
Let us now examine the effect of the magnetic field on the dynamics of the accelerated beam. The emittance of the trapped beam (i.e. particles with γ > γ las ), defined by   (11) and (12) of [17] . The emittance In the first category, the emittance slowly grows during the propagation and has a pseudo-periodic oscillation. In the second category, the beam emittance is almost constant during the whole acceleration, and the final value of the beam emittance ε n,rms ~ 0.56 π mm mrad is 14 times weaker than in the unmagnetized case! To get more information we have plotted kinetic energy density maps showing the evolution of the trapped beam at the rear of the bubble for both the magnetized and the unmagnetized regimes. In the unmagnetized case (Figure 5) , we clearly observe betatron oscillations due to the finite initial radial momentum of injected electrons. Betatron frequency is given by   The corresponding emittance (Figure 7) , even if it is weaker than in our reference case (Figure 4 with B 0 = 0), exhibits the same slowly growing behavior. This proves that an external magnetic field is necessary to maintain the emittance at low values. In the next section, we will provide some numbers concerning the energy distribution function of the beam.
Influence on the Energy Distribution
With no guide field, the relative variation of the energy at full width at half maximum (fwhm) ΔE fwhm /E max ≈ 1% is excellent ( Table 1) , but the rms (root mean squared) value of the energy spread has small variations and reaches 7% at the end of the simulation. When B 0 = 125 T, on the one hand the spread of the low energy tail of the distribution is reduced as shown by Figure 8(a) , and confirmed by the rms value ~4%, but on the other hand ΔE fwhm /E max is slightly degraded. When B 0 = 250 T, untrapped electrons carrying energies of about 10 Mev concentrate (n e locally reaches1.5 × 10 -3 n c ) at the rear of the bubble. These low energy (i.e. 0 < E K < 25 Mev) electrons are evidenced by bumps in the beam energy distribution (Figure 8(b) ). These electrons have energies below the injection threshold and therefore should not be considered for the interpretation of the diagnostics concerning the accelerated beam. The accelerated beam is almost mono-energetic with ΔE fwhm /E max ≤ 1%. Based on this, we may infer that the magnetic field also accounts for the mono-energetic aspect of the energy distribution. To check this pattern we ran other simulations using different waist and duration for the colliding pulse. These two parameters together usually make it possible to get a quasi-mono-energetic electron beam in the blow out regime [14, 18] . These runs (not shown here) reveal that the energy distribution quality highly depends on beam-loading effects.
The charge injected in the wake strongly depends upon electron trajectories after the lasers have collided, therefore the presence of an external magnetic field will significantly affect the quality of the accelerated beam. Finally the longitudinal magnetic field has no direct effect on the beam energy distribution, but there is an indirect influence as beam-loading is altered. We emphasize that the parametric study we made, by varying the colliding pulse parameters, was conclusive concerning the beam emittance. In fact the emittance of the accelerated beam was always reduced when B 0 was grown to 125 or 250 T.
Conclusion
This paper has been devoted to studying the influence of an external magnetic field on the wakefield acceleration process, within the colliding pulse scheme. To our knowledge this idea has never been explored before. The magnetic field is oriented in the direction of propagation of the laser driver. It has been shown that the B 0 field creates a transverse current, the latter current can induce a raise of B x at the rear bottle neck of the bubble. Therefore the transverse beam dynamics is substantially modified resulting in a considerable reduction of the beam emittance. This mechanism provides means to dramatically enhance the beam quality in the blowout regime. For example with a 0 = 4, a 1 = 0.1, n e = 2.5 × 10 -4 n c and B 0 = 250 T we got ε n,rms ~ 0.56 π mm mrad which is more than one order of magnitude better than with no external field (B 0 = 0). The beam energy distribution is modified due to beam-loading effects, in the present paper the parameters of the colliding pulse were adjusted in order to obtain almost the same energy distribution with or without an external magnetic field. Our results should apply in full 3Dx3Dv geometry, however the shape of the bubble may be more significantly altered by the magnetic field than in 2Dx3Dv. In this case it is difficult to tune the parameters in order to get almost the same injected charge with or without external field.
